Chagas disease is included in the neglected tropical diseases list and is endemic to 21 Latin American countries. The two drugs currently available for treating Chagas disease are nifurtimox and benznidazole and both result in many significant side effects. The study describes the synthesis and biological evaluation of 3,5-disubstituted isoxazoles. Isoxazoles were obtained by reaction of flavones and hydroxylamine and either alkylated at the free hydroxyl group and/or nitrated at the isoxazole ring. These compounds were evaluated for their in vitro anti-Trypanosoma cruzi activity against trypomastigote and amastigote forms of the parasite in T. cruzi-infected cell lineages. Benznidazole was used as a reference compound for the in vitro assay and mammalian L929 cells were employed to evaluate cytotoxicity. A majority of the compounds tested were very active and the most active isoxazole against amastigote and trypomastigotes of T. cruzi was slightly more potent than the current medicine benznidazole.
Introduction
Discovered by Brazilian scientist Carlos Chagas in 1909, 1 Chagas disease has become endemic to 21 Latin American countries. 2 The transmission of this disease in humans usually occurs by deposition of faeces contaminated with the protozoan hemoflagellate Trypanosoma cruzi after being bitten by the blood-sucking triatomine bugs. Almost half of those infected either have or will develop cardiomyopathy, digestive megasyndromes, or both. 3 This "neglected disease" is currently treated in Brazil with benznidazole, but unfortunately, this drug causes many significant side effects. 4 One of the major problems related to infectious diseases that humanity faces is the continuous mutation that microorganisms suffer and the resistance they develop to medicines. Certain strains of T. cruzi have demonstrated resistance to available drugs. 5 Different approaches have been taken towards the in vitro evaluation of novel synthetic molecules that were tested for anti T. cruzi activity. The epimastigote form that is present in the midgut vector has been used for assessing anti-parasitic activity. [6] [7] [8] The fact that the intracellular amastigotes forms of T. cruzi are present in the vertebrate host during the acute and chronic phases of the disease makes the use of this form of the parasite very attractive as screening method for the evaluation of anti T. cruzi activity. [9] [10] [11] The trypomastigote form enters through the bite wound and is therefore initially present in the blood and, for this reason, the trypomastigote form has also been utilized for in vitro screening. [12] [13] [14] human infection, analyse novel compounds for anti T. cruzi activity in infected cells whilst at the same time monitoring their effects on amastigotes and trypomastigotes in the same system. Different azole derivatives such as imidazoles, 9, 17 thiazoles, 12, 18 1,3,4-oxadiazoles, 19 1,2,4-oxadiazoles 20 and 1,2,3-triazoles 21 have been evaluated for their anti T. cruzi activity (Figure 1 ).
Isoxazoles and their derivatives are considered important heterocyclic compounds due to their prolific biological properties. 22 This heterocycle can be encountered in the chemical structure of approved medicines such as Leflunomide, Cloxaciline, Sulfisoxazol, Isocarboxazide, Broxaterole and Sitaxentane amongst others. To the best of our knowledge, isoxazoles have not been explored for their anti T. cruzi activity. Motivated by the need to develop more efficient drug candidates for Chagas disease with a less severe side effects profile, we have prepared 17 isoxazole derivatives and tested them against both amastigote and trypomastigote forms of T. cruzi in vitro.
Results and Discussion
Chemistry 3,5-Diphenylisoxazole 1, was prepared from chalcone according to literature procedures 23 and used as a reference in order to determine the importance of a free hydroxyl group for anti T. cruzi activity (Scheme 1). A major challenge in the synthesis of non-symmetrical 3,5-disubstitued isoxazoles using hydroxylamine is to selectively form one isomer from a substrate that bears two electrophilic centres. The main reactions for obtaining 3,5-diarylisoxazoles involve the use of chalcones (α-β unsaturated ketones), β-diketones, flavones and cyclocondensation of nitrile oxides with alkynes. 24 The key intermediate having 3,5-diarylisoxazole framework were synthesized from flavones 25 in four steps (Scheme 1). The synthesis of the target isoxazoles began with the esterification of 2-hydroxyacetophenones with substituted benzoyl chlorides to provide the corresponding esters 2 as illustrated in Scheme 1. A Baker-Venkataraman rearrangement ensued in the presence of KOH to afford 1,3-diketones, which when isolated by precipitation and filtration, were immediately subjected to a condensation reaction under refluxing acetic acid to provide flavones 3. Many of the ester, 1,3-diketone and flavone intermediates are known compounds and were thus confirmed by comparison of their melting point and nuclear magnetic resonance (NMR) spectral data with literature values. All data for these intermediates were in complete accordance with literature values. Flavones 3 were reacted with hydroxylamine to afford the required isoxazoles 4 in reasonable yields albeit, on occasion, mixtures of isomers were formed. The two isomers were either purified by recrystallization, separated by column chromatography or were immediately subjected to a Williamson type O-alkylation reaction to provide the alkylated products 5-9 in good yield. The spectroscopic data of known 3,5-diarylisoxazoles were in accordance with those previously reported. Compounds 5, 6a-d, 7a-c, 8, 9, 10 are novel and were therefore characterized by Fourier transform infrared spectroscopy (FTIR), NMR and mass spectrometry (MS).
It has been well documented that benznidazole and nifurtimox are prodrugs that require nitroreductase catalyzed activation within the parasite to have trypanocidal effects. We synthesised a nitro bearing isoxazole for the purpose of evaluating possible enhancement in activity via this known mode of action involving nitroreductase. Compound 9 was nitrated in the presence of acetic anhydride and nitric acid to provide novel compound 10 in 32% yield (Scheme 2).
Biology
Once the final products were purified and fully characterized, we carried out in vitro bioassays using trypomastigote and amastigote forms of Tulahuen-strain T. cruzi, using the method described by Romanha et al. 15 Benznidazole was used as positive control against T. cruzi and cytotoxicity was determined in mammalian L929 cells (Table 1) .
Our reference compound provided an IC 50 (50% inhibitory concentration) of 3.8 μM and gave a selectivity factor (SI) of 625 and was used as a benchmark value for assessing the potency and selectivity of the isoxazole derivatives. Many of the compounds described herein were active at the tested concentrations. A comparison of 1 with 4a revealed that the presence of the free hydroxyl group increases potency significantly without rendering the 3,5-diarylisoxazole more cytotoxic. Introducing electron donating groups on to the unsubstituted phenyl ring of 4a did not result in any remarkable improvements in anti T. cruzi activity, but did, however, provide more cytotoxic compounds (compare 4a to 4b-c). Completely substituting the benzene ring for a furan moiety 4d gave similar results to 4b and 4c. Next, we evaluated the effect of substituents on the phenol ring and observed almost a doubling in potency with the inclusion of two chlorine atoms (compare 4b to 4e). There may not necessarily be any important donor hydrogen bonding interactions associated with the free hydroxyl group of the phenol ring. Indeed, methylation of 4c afforded compound 5 and a comparison of their in vitro activities suggests that potency can be improved when a bulkier substituent in the ortho position is present. To test this hypothesis, compounds 6-8 were prepared by benzylation of their corresponding 2-(5-arylisoxazol-3-yl) phenols. In general, the presence of electron withdrawing groups such as fluorine or nitro groups on either aromatic ring gave the best in vitro activities and selectivities. In particular, compounds 6b, 7b and 8 were the stand out lead compounds and demonstrated very similar anti T. cruzi activity to reference compound benznidazole. Narsaiah and co-workers 26 have reported that 5-(3-alkylquinolin-2-yl)-3-aryl isoxazole derivatives screened against four human cancer cell lines (A549, COLO 205, MDA-MB 231 and PC-3) display potent cytotoxicity against all the cell lines at IC 50 values of < 12 μM. Given the similarity in chemical structure with isoxazoles 4-9, the cytotoxicity profile of the compounds described in this report is supported by this literature precedence. As a consequence, the selectivity of the tested compounds was hampered by their cytotoxicity towards mammalian cells. Activation of nitroheterocyclic drugs, such as benznidazole, by T. cruzi has been associated with the formation of reactive radical species responsible for the death of the parasite. For this reason, we synthesised a nitro bearing isoxazole 10 for the purpose of evaluating possible enhancement in activity via this known mode of action. Surprisingly, both anti T. cruzi activity and cytotoxicity were lower than the parent compound 9 and this result suggests that nitro-isoxazoles are not activated by nitroreductase like their imidazole (benznidazole) and furan (nifurtimox) counterparts. The physicochemical drug descriptors of the molecular properties for the synthesized compounds were calculated by Molinspiration software. 27 The partition coefficient (log P: octanol/water partition coefficient) describes the equilibrium distribution between two liquid phases such as octanol and water and the total polar surface area (TPSA) is a measure of the extent of the molecules exposed polar area. No linear correlations between hydrophobicity and bioactivity were observed. On the other hand, all log P values for the most bioactive compounds were found to be slightly greater than 5 (Lipinski's rule of five). The largest TPSA values were all below the limit of 140 Å 2 (Lipinski's rule of five); based on the TPSA value alone, the most potent compounds, 6b and 7b, would be expected to perform better in permeating the parasites cell membranes. Thus, these results suggest that penetration of cell membranes is not the critical factor determining anti T. cruzi activity.
Conclusions
In conclusion, although the potency of many of the isoxazole derivatives was less active than the positive control, anti T. cruzi activity was significantly improved by the inclusion of fluorine group on to either the phenol of phenyl ring of the 3,5-diarylisoxazole. In one case, the isoxazole derivative 7b was slightly more potent than benznidazole. Further studies and investigations by colorimetric methods and indirect analysis by light microscopy are ongoing in order to discern the mechanism of action of the most potent lead compounds uncovered in the present study.
Experimental
All commercial reagents were used as received. Anhydrous solvents were purchased from Sigma-Aldrich. Flash column chromatography was performed using silica gel 200-400 mesh. Thin layer chromatography (TLC) analysis were performed using silica gel plates, using ultraviolet (UV) light (254 nm
, Nicolet Instrument Corp., Madison, WI, USA) using attenuated total reflection (ATR). Mass spectra were obtained by GC-MS, Shimadzu QP-2010 Plus model (Shimadzu, Kyoto, Japan) and high resolution mass spectra (HRMS) were obtained on a Shimadzu HPLC-ESI-IT-TOF. SMILES notations of the isoxazole derivatives were inputted into the online Molinspiration software (software version v2015.01) 27 and subjected to molecular properties prediction by Molinspiration software. Flavones were prepared according to literature methods. 25 Typical experimental procedure for the synthesis of isoxazoles 4-10
In a round bottom flask (50.0 mL) equipped with stir bar and reflux condenser was added flavone (2.0 mmol), pyridine (10.0 mL) and hydroxylamine hydrochloride (6.0 mmol). The reaction was stirred at 100 °C for 14 h. The reaction was then allowed to cool to room temperature and poured in an ice-water mixture (20.0 mL). The precipitate that formed was filtered and recrystallized from ethanol. A selection of certain isoxazoles were alkylated with either iodomethane, iodoethane or benzylbromide as follows: in a round bottom flask (50.0 mL) equipped with stir bar and reflux condenser were added isoxazole (1.0 mmol), anhydrous K 2 CO 3 (2.0 mmol) and acetone (20.0 mL) at 0 °C. Next, the alkylhalide (1.5 mmol) was added slowly at 0 °C with stirring and the reaction was then warmed to 60 °C and allowed to stir at this temperature overnight. Upon completion, the reaction mixture was cooled to room temperature, concentrated under reduced pressure and then taken up in to a separatory funnel containing ethyl acetate (20.0 mL). The organic layer was washed with distilled water (15.0 mL) and the organic phases were worked up in the usual way. An oily residue was obtained and purified by flash chromatography eluted in a gradient mixture of hexanes and ethyl acetate (1-10% ethyl acetate in hexanes). 
Nitration of isoxazole 9
Synthesis of 3-(4-chlorophenyl)-5-(2-ethoxyphenyl)-4-nitroisoxazole (10) To a suspension of isoxazole 10 (230 mg, 0.69 mmol) in Ac 2 O (7 mL) was added dropwise concentrated HNO 3 (0.05 mL) at 0 °C with stirring. A temperature range of 0 and 5 °C was maintained until addition of nitric acid was complete. Next, the reaction mixture was stirred for 70 h at room temperature and then poured into ice (25 mL) and extracted with dichloromethane (3 × 20 mL). 
Anti-Trypanosoma cruzi activity assay
The in vitro anti-T. cruzi activity was evaluated on L929 cells (mouse fibroblasts) infected with Tulahuen strain of the parasite expressing the Escherichia coli β-galactosidase as reporter gene according to the method described previously. 15 Briefly, for the bioassay, 4,000 L929 cells were added to each well of a 96-well microtiter plate. After an overnight incubation, 40,000 trypomastigotes were added to the cells and incubated for 2 h. Then the medium containing extracelullar parasites was replaced with 200 μL of fresh medium and the plate was incubated for an additional 48 h to establish the infection. For IC 50 determination, the cells were exposed to each synthesized compound at serial decreasing dilutions and the plate was incubated for 96 h. After this period, 50 μL of 500 μM chlorophenol red beta-D-galactopyranoside (CPRG) in 0.5% Nonidet P40 was added to each well, and the plate was incubated for 16 to 20 h, after which the absorbance at 570 nm was measured. Controls with uninfected cells, untreated infected cells, infected cells treated with benznidazole at 3.8 μM (positive control) or DMSO 1% were used. The results were expressed as the percentage of T. cruzi growth inhibition in compound-tested cells as compared to the infected cells and untreated cells. The IC 50 values were calculated by linear interpolation. Quadruplicates were run in the same plate, and the experiments were repeated at least once.
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